The theoretical equations of Zeeman energy levels, including the zero-field energies and the first-and second-order Zeeman coefficients, have been obtained in closed form for nine states of the 3 T 1(g) ground term, considering the axial ligand-field splitting and the spin-orbit coupling. The equations are expressed as the functions of three independent parameters, ∆, λ, and κ, where ∆ is the axial ligand-field splitting parameter, λ is the spin-orbit coupling parameter, and κ is the effective orbital reduction factor, including the admixing. The equations are useful in simulating magnetic properties (magnetic susceptibility and magnetization) of the complexes with 3 T 1(g) ground terms, e.g., octahedral vanadium(III), octahedral low-spin manganese(III), octahedral low-spin chromium(II), and tetrahedral nickel(II) complexes.
Introduction
Magnetic properties of metal complexes with T ground term is difficult to be interpreted because of the spin-orbit coupling. Since the orbital angular momentum depends on the symmetry around the central metal ion, the distortion effect should be considered in addition to the spin-orbit coupling. This paper reports theoretical expression of Zeeman energy levels for distorted metal complexes with 3 T 1 ground terms for the purpose of simulating the magnetic properties at high speed.
Concerning the T-term magnetism, Figgis successfully simulated the temperature dependence of the effective magnetic moment of the metal complexes with 2 T 2 ground terms [1] , considering both the axial distortion and the spin-orbit coupling. After that magnetic properties were well interpreted for metal complexes with 4 T 1 [2] , 3 T 1 [3] , and 5 T 2 [4] ground terms. On the other hand, however, the secular matrices were to be solved each time to simulate the magnetic properties. Therefore, it takes more time to optimize multiple parameters. In addition, simulation can be freely performed only by those who can use programs to solve matrix equations, and simulation output can only be performed within the programmed range.
In order to solve the problem, magnetic susceptibility equation was successfully expressed in closed form for distorted metal complexes with the 4 T 1 ground terms [5] . The closed-form expression is easily handled, and the extension to the dinuclear and higher nuclearity system is possible [5] [6] [7] . In fact, the first successful magnetic analysis of dinuclear octahedral high-spin cobalt(II) complexes with slightly distorted cobalt(II) ions was conducted using the closed-form expression [5] . Theoretical closed-form expression for magnetic properties has been reported for 2 T 2 [8] , 4 T 1 [5] , and 5 T 2 [9] ground terms; however, the expression for the 3 T 1 term had not been obtained yet. Therefore, in this study, magnetic susceptibility and magnetization equations were obtained for the 3 T 1 term.
The magnetic susceptibility and magnetization equations for the 3 T 1 ground term enable us to analyze magnetic data of metal complexes, including octahedral vanadium(III), octahedral low-spin
By solving the matrices, the coefficients, c 1 -c 13 , are expressed as the functions of v (= ∆ κλ ) as shown below.
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Using the coefficients, c 1 -c 13 , the zero-field energies (E (0) n ), the first-order Zeeman coefficients (E (1) n,z and E (1) n,x ), and the second-order Zeeman coefficients (E (2) n,z and E (2) n,x ) are expressed as follows, where g e is the g-factor of the free-electron.
(1)
Using the above zero-field energy equations, the v (= ∆ κλ ) dependence of the nine levels are calculated as shown in Figure 1 . When ∆ is zero, the 3 T 1(g) term splits into three states: a singlet state (Ψ 1 ), a triplet state (Ψ 2 , Ψ 3 , Ψ 4 ), and a quintet state (Ψ 5 , Ψ 6 , Ψ 7 , Ψ 8 , Ψ 9 ). When ∆ is not zero, the 3 T 1(g) term splits into three doublet states [(Ψ 2 , Ψ 3 ), (Ψ 6 , Ψ 7 ), and (Ψ 8 , Ψ 9 )] and three singlet states [Ψ 1 , Ψ 4 , and Ψ 5 ]. When the λ value is positive, the Ψ 1 state is the highest, but when the λ value is negative, the Ψ 1 state is the lowest. 
Magnetic Susceptibility and Magnetization Equations
The temperature dependence of the magnetic susceptibility χ can be obtained by the Van Vleck formula [12] , using the above energy equations and the Zeeman coefficients, where k represents the Boltzmann constatnt. This is a zero-field susuceptibility equation.
nickel(II) ion has a d 8 electronic configuration, the λ has a negative value. In this simulation, the λ and κ were fixed to the often observed values. When the tetrahedral coordination geometry around nickel(II) ion is distorted, the v generally takes the negative values, but the simulation was also performed for the positive v values. With the variation of v, the χT curves systematically change. That is because the ground state is Ψ 1 and unchanged. The other simulation example is for the positive λ case (Figure 3 ). This case corresponds to the octahedral vanadium(III) complexes with d 2 electronic configuraions and octahedral low-spin manganese(III) and octahedral low-spin chromium(II) complexes with d 4 electronic configurations. In these cases, λ takes positive values, since the metal ion has less than five d-electrons. With the variation of v, the χT curves drastically change. This is because the ground state changes from a doubly degenerate (Ψ 8 , Ψ 9 ) state (v < 0) to a non-degenerate Ψ 5 state (v > 0). 
Discussion
In order to obtain magnetic susceptibility and magnetization equations for the metal complexes with 3 T 1(g) ground terms, the zero-field energies and Zeeman coefficients were obtained in closed form by solving the secular matrices. Fortunately, the resulting equations do not contain the imaginary part. Therefore, the equations can be easily handled, and anyone who wants to obtain Zeeman energy values and so on can calculate them without any specific programs. Using the equations, magnetic susceptibility and magnetization can be calculated simply by substituting the values of the parameters into the equations.
The metal complexes with 3 T 1(g) ground terms include octahedral vanadium(III) complexes with d 2 electronic configurations, octahedral low-spin manganese(III) and chromium(II) complexes with d 4 electronic configurations, and tetrahedral nickel(II) complexes with d 8 electronic configurations. Although any new data were not analyzed in this study, the equations obtained in this study are expected to be useful in analyzing the magnetic data of the 3 T 1(g) complexes, as well as the the 4 T 1g expressions utilized in magnetic analyses [5] [6] [7] .
The magnetic susceptibility and magnetization equations require three independent parameters, the axial splitting parameter, ∆, the spin-orbit coupling parameter, λ, and the effective orbital reduction factor, κ. These three parameters are important in considering T-term magnetism. On the other hand, when the zero-field splitting is treated, the zero-field splitting parameter, D, is used. Since the normal zero-field splitting occurs as the result of the spin-spin interaction in the S ≥ 1 system, this interaction is different from the spin-orbit interaction. Therefore, the different parameter system was used in this study. Of course, [λ, κ, v (= ∆ κλ )] is also a good parameter set for the T-term magnetism.
Materials and Methods
The procedure of handling the wave functions of the 4 T 1g term was well described by Kahn [11] to obtain zero-field energies and Zeeman coefficients. His method was basically used for the 3 T 1(g) term in this study, obtaining zero-field energies and Zeeman coefficients. Therefore, the detailed method is described in reference [11] . The only difference is the definition of "v". That is, Kahn defined v = ∆/|λ|, while v was defined as ∆ κλ in this study. Fortunately, there was no difficulty in solving the matrices in closed form. The code including the obtained equations was written on REALbasic software [13] . Calculations were conducted by MagSaki(3T1) ver.0.0.1 software developed using REALbasic software [13] .
Conclusions
The zero-field energies and Zeeman coefficients were obtained in closed form for the distorted metal complexes with 3 T 1(g) ground term. The magnetic susceptibility and magnetization equations were also obtained. Using the equations, magnetic susceptibility and magnetization can be calculated simply by substituting the values of the parameters into the equations. The equations are useful for 3 T 1(g) -ground-term complexes, including octahedral vanadium(III), octahedral low-spin manganese(III), octahedral low-spin chromium(II), and tetrahedral nickel(II) complexes.
Funding: This research was funded by Japan society for the promotion of science (JSPS) KAKENHI grant number 15K05445.
